J o u r n a l P r e -p r o o f Highlights 1  A coil location control system can be used in cervical level magnetic stimulation  The utilization of coil location control leads to highly reproducible MEPs  The electric field maximum should be located higher than the C1 vertebra level  The method works best within one co-registration of head and MRI coordinates Abstract J o u r n a l P r e -p r o o f Abbreviations: AT -appearance threshold, C -cervical vertebra, eEFM -estimated electric field maximum
Background: Accurate re-positioning of the coil is challenging in magnetic stimulation at the cervical spinal level. The applicability of coil location control for this type of stimulation is unexplored.
New method: Utilizing a figure-of-eight coil and anatomy-specific models of the magnetic stimulation system, we developed a novel technique that enables probing corticospinal excitability at the cervical spinal level. Magnetic stimulation was performed in 9 healthy subjects at C2-C6 spinal levels using a figure-of-eight coil and a coil tracking system. MEPs were recorded from the abductor digiti minimi muscle. The functioning of the coil tracking system was tested with an estimated electric field maximum (eEFM) above the C1 cervical level (group 1) and below (group 2). Motorevoked potential (MEP) reproducibility was assessed with intra-class correlation coefficient (ICC).
Results:
The use of coil location control in cervical level focal magnetic stimulation enabled the recording of highly reproducible MEPs. Within one co-registration, the ICC 95% confidence interval (CI) in group 1 was 0.89-0.99 and in group 2 was 0.24-0.85. Reproducibility of responses to focal magnetic stimulation is essential for studies of corticomotoneuronal excitability and plasticity in test-retest designs. In magnetic stimulation at the cervical level, changes of induced electric field caused by dislocations of the coil and consequent shifts of activation site still remain a major challenge [1] [2] [3] . Stimulations are currently performed with non-focal and double-cone coils. The determination of the coil location is performed by using external landmarks, which decreases the accuracy of these methods 4 . The applicability of coil location control to overcome these challenges has been unexplored. The possibility to accurate re-position (i.e. to "anchor") the stimulation coil with a location control system may assist in keeping stimulation parameters constant and enhance measurement reproducibility.
Comparison with existing methods and conclusions:
We hypothesized that utilizing the coil location control system, which is based on computing the induced electric field in an individual head 3-D MR image, together J o u r n a l P r e -p r o o f with the device for navigated transcranial magnetic stimulation [5] [6] [7] , can also be useful in magnetic stimulation at the cervical level.
The neurogeometry at the level of cervical spine is complex and can greatly affect stimulation and measurement accuracy 8 . The C1 vertebra is attached to the skull.
Below the level of C1, movements of the neck in relation to the head, as well as the non-spherical shape of the neck, compromise MRI-head co-registration and the accuracy of electric field computations 8 . We hypothesized that placing the stimulation coil in a position defined by the estimated electric field maximum (eEFM) on a 3-D head model above the upper border of C1 (but not below) would enable the use of coil location control and result in reproducible motor-evoked potentials (MEPs).
We assessed the reproducibility of MEP amplitudes produced by stimulation at different levels of the cervical spine. We also tested the sensitivity of the locationcontrolled stimulation by analysing the MEP changes produced by minimal coil dislocations. We also investigated the input-output characteristics of the stimulated sites.
Material and methods

Subjects
Nine healthy right-handed subjects participated in the study (S1-S9, 3 females, mean age±SD 32±7 years, mean height±SD 174±4 cm). The study followed safety regulations for magnetic stimulation 4 . We asked subjects to report any adverse effects. All Spontaneous electromyographic (EMG) activity and MEPs were recorded from the right abductor digiti minimi (ADM) muscle. The ADM muscle is innervated by the ulnar nerve, which originates from the lowermost cervical nerve roots that are the farthest cervical roots from the C2-C6 levels. In addition, the ADM muscle is relatively isolated in comparison with the innervation of other intrinsic hand muscles.
Stimulation site search
Subjects were in a relaxed semi-sitting position. The head tracker was placed approximately 1-2 cm above the center of the forehead and turned 2-3 cm to the right. The tracking unit was positioned on the right side of the subject. An individual T1 MR image was co-registered to the subject's head 9 , which was slightly tilted forward.
The coil was placed vertically over the right upper neck with its centre approximately just beneath the palpable lower border of the skull at the C1-C2 level, 2-3 cm from the midline ( Fig 1A) . We aimed at eliciting MEPs with the lowest possible intensity as it was expected that at higher intensities the obtained responses are less sensitive to The experiment was performed on two different days with at least 14 hours between measurements. The experiment included three consecutive sessions separated by 20minute breaks. Each session consisted of stimulation at three previously established coil positions with 5-minute breaks in between (Appendix A2). On the first day, stimulation was performed with the same MRI-head co-registration in three sessions.
On the second day, a new co-registration was performed before each session. The appearance threshold (AT) of MEPs was measured for each coil position on the first day by gradually increasing the stimulation intensity with steps of 2% MSO. AT was defined as the intensity at which three consecutive stimuli could elicit a MEP with amplitude ≥10 µV each and stimulation at intensity 1% lower did not elicit any response.
The aiming tool of the TMS device was used for coil re-positioning on the subject's neck, utilizing the eEFM for keeping the coil in the desired position ( Fig. 1B ). Ten magnetic pulses at 120% of AT (105% for S6) were delivered at each coil position. 
Additional tests: MEP sensitivity to shifts of coil location
To probe the effect of coil position shifts on MEPs, one eEFM-defined position with the highest AT was selected in S3, S4 and S7. Ten stimuli were delivered at each eEFMdefined location. Thereafter, the coil was slightly relocated or rotated in 1-2 mm steps and stimulation was continued until a change in MEP amplitude exceeding 90% of the initial response amplitude was detected. The corresponding coordinates were recorded and 10 stimuli were delivered at the new coil position. Due to low amplitudes, only two coil positions were found in S6.
Input-output characteristics
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We explored the relationship between stimulus intensity and MEP amplitude (inputoutput characteristics) induced by stimulation. The characteristics obtained at the C7 level of the cervical spine were compared to the characteristics of neural structures above it in S1 (C2 level), S5 (C4 level) and S6 (C4 level).
The initial stimulation intensity was below AT. It was increased at 3% MSO steps until 90-100% of MSO was reached. A series of three magnetic pulses were delivered at each intensity at random 4-6 s interstimulus intervals. The interval between the series was 20 s. MEPs were recorded from the relaxed right ADM muscle. After a break of several minutes, a similar stimulation was applied at the C7 spinal level without coil tracking (eEFM is not technically possible at this level). The coil was placed over the C7 spinal process. Stimulation was continued up to the intensity of 140% of AT. The data pre-processing was similar to that used for the main experiment. Three amplitude values for each intensity were averaged and plotted for each subject separately in MATLAB.
Analysis
The data were equally divided into two groups. Group 1 had eEFMs located above C1 in the head model (S1-S3, S5, S6) and group 2 had eEFM below C1 (S3, S4, S7-S9; Fig   1D) . The border between the cerebellum and the occipital lobe in the individual 3-D head model was selected as the upper limit for the eEFMs. Therefore, the data of one eEFM above this level in S1 was omitted. Another eEFM in S4 was excluded from the analysis due to its location on the left side of the cervical spine.
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Amplitudes and latencies of the responses obtained in each session were averaged offline for each subject. Mean values for each day and group were calculated by averaging the data of three and six sessions, respectively. The MEP amplitude change between Sessions 1 and 2 was calculated using the formula: S2/S1 = (Amp S2 x 100%)/Amp S1 -100%, where Amp S1 and S2 are mean amplitudes in Session 1 and 2, respectively. The same formula was employed for computation of changes between Sessions 1 and 3. MEP amplitude changes between S2/S1 and S3/S1 were averaged for each day and group separately. Results reported as means±SD or median and range where appropriate.
Reproducibility of MEP amplitudes was assessed using intra-class correlation coefficient (ICC) 10 . ICC was calculated on the basis of two-way analysis of variance (ANOVA) using IBM SPSS for Windows (IBM Corp., Version 24.0.). ICC=0.5 was used as the theoretical limit of reproducibility. We report absolute agreement of amplitude measurements for each group separately. One outlier in group 1, and 3 outliers in group 2 were excluded from the analysis to make dependent variables normally distributed. Computations were performed with and without outliers. Neither the presence nor absence of the outliers changed the relative position of ICC confidence intervals (CI) with respect to the given threshold. The qualitative description of the results was not affected.
Results
MEP amplitudes in group 1 did not significantly differ intraindividually across sessions and between days ( Fig. 2A) . The median amplitude across 2 days was 23.2 µV (Range R=371.0 µV) in group 1 and 26.9 µV (R=374.2 µV) in group 2 (Appendix B). The ICC (3,1) for amplitudes in group 1 across 2 days was 0.73. ICC (3,1) was 0.59 in group 2 2 (see Appendix C for CI). Amplitude ratios of second and third sessions vs. first session in group 1 were on average mean±SD 6.6±6.6% on day 1 (measured within one coregistration) and 19.5±25.8% on day 2 (with new co-registration for each session). The corresponding values in group 2 were 44.0±52.7 and 40.1±32.6% (Fig. 2B) . Within one co-registration (day 1), the ICC 95% CI in group 1 was 0.89-0.99 and in group 2 was 0.24-0.85. Thus, placing the eEFM higher than C1 enabled registration of reproducible responses. The amplitude variability was lower and persistence was higher on day 1 with all measurements done within one co-registration ( Fig. 2B, Appendix B) . The mean latency across 2 days was 15.4±0.1 ms in group 1 and 16.4±0.1 ms in group 2 (Appendix B). The centre of the coil was located between C2 and C6 (Fig. 1C) and eEFM above and below C1 (Fig. 1D ). The mean AT was 52±11% of MSO in group 1 and 47±6% in group 2.
Both the coil shift and rotation produced abrupt and substantial alteration of MEP amplitudes (increase, decrease or total disappearance). The minimum difference of the coil centre coordinates that caused such response changes was 7.1±9.5 mm; the produced changes in the responses before and after coil position shift exceeded three standard deviations (Appendix D).
At the C7 level, where the spinal roots innervating ADM are located, the MEP amplitudes increased steeply with increasing intensity (Appendix E). At the C2-C4 targets in S5 and S6, the amplitude did not initially increase with increasing intensity.
After a threshold, a subsequent steep amplitude increase resembling the increase at C7 was observed (Appendix E). In S1, this threshold was not obtained even at 100% of
MSO.
No adverse effects were reported. All subjects were responsive to the stimulation.
Discussion
We demonstrated that it is possible to use electronic coil location control and obtain reproducible measurements with cervical level magnetic stimulation, although the eEFM does not give information of the electric field in the spinal cord. Earlier studies employed manual coil fixation 11, 12 . To our knowledge, this is the first application of the coil tracking system and an MRI-based model for coil re-positioning over the neck.
"Anchoring" the stimulation coil to the sites where the eEFMs were located above C1
in the MRI lead to reproducible and persistent MEPs. It was beneficial to record within one head-MRI co-registration.
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In three representative subjects, the input-output characteristics of the stimulated neural structures at higher intensities with focal stimulation applied at C2-C4 were consistent with the characteristics of spinal root activation at C7. In addition, the lowintensity part of the input-output curves of C2-C4 suggest that there might be a second activation site with distinct characteristics. The biphasic stimulation employed in the present study is stronger than the monophasic stimulation 13 The location-controlled magnetic stimulation may be more useful in studies of specific corticospinal pathways.
5.
Appendix A
Electromyogram recording
Spontaneous electromyographic (EMG) activity and motor-evoked potentials (MEPs)
were recorded from the right abductor digiti minimi (ADM) muscle using surface 
EMG analysis
The 200-ms pre-stimulus and 100-ms post-stimulus intervals were visually inspected. If the pre-stimulus interval was contaminated by spontaneous muscle activity, the epoch was excluded from the analysis. MEP peak-to-peak amplitudes were manually Diff -difference between mean amplitude values obtained before and after coil dislocation. The coordinate difference was calculated by subtracting coil centre coordinates after coil dislocation from the coil centre coordinates before dislocation.
